Purpose Breast cancer risk associated with pregnancy characteristics may be mediated by maternal hormones or angiogenic factors. Methods We conducted a prospective breast cancer case-control study among women in the Avon Longitudinal Study of Parents and Children (ALSPAC) and Norwegian Mother and Child Cohort Study (MoBa) related to maternal pregnancy prolactin (n = 254 cases and 374 controls), placental growth factor (PlGF, n = 252 and 371), soluble fms-like tyrosine kinase-1 (sFlt-1, n = 118 and 240) and steroid hormone concentrations (ALSPAC only, n = 173 and 171). Odds ratios (OR) and 95% confidence intervals (CI) for a 1 SD change in analytes were estimated using unconditional logistic regression with matching factors (cohort, mother's birth year, serum/plasma, blood collection timing) and gestational age. Results Breast cancer ORs (95% CI) were 0.85 (0.51-1.43) for estradiol, 0.86 (0.67-1.09) for testosterone, 0.89 (0.71-1.13) for androstenedione, 0.97 (0.71-1.34) for hCG, 0.93 (0.75, 1.15) for prolactin, 1.00 (0.78-1.27) for PlGF and 1.91 (1.00-3.65 ALSPAC) and 0.94 (0.73-1.21 MoBa) for sFlt-1, and were similar adjusting for potential confounders. Results were similar by blood collection timing, parity, age at first birth or diagnosis, and time between pregnancy and diagnosis. Conclusion These data do not provide strong evidence of associations between maternal hormones or angiogenic factors with subsequent maternal breast cancer risk.
Introduction
Parity is an established risk factor for breast cancer, with a reduction in breast cancer risk in the long-term among parous women, but a transient increase in risk directly following the pregnancy lasting up to a decade (http:// cance r.gov/cance rinfo /erewo rksho p-repor t, accessed May 9, 2018) . Several hypotheses have been raised to explain these observations including, hormonally mediated molecular alterations in breast tissue that reduce its predisposition to carcinogenesis [1] , and the possibility of promotion of existing tumors from high concentrations of growth hormones or pro-inflammatory factors associated with breast involution [2] , respectively. The full range of hormones involved in breast carcinogenesis is unknown, but there is evidence for estrogens, androgens, and progestins [3] , all of which increase during pregnancy. In animal models, the lowest incidence of breast tumors is achieved administering estrogen and progesterone jointly, or human chorionic gonadotropin (hCG) alone [1] . Prolactin, which also increases in pregnancy, may be involved as well. Several studies using biospecimens from birth cohorts linked with cancer registries have explored these associations for different hormones and timing in pregnancy [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . The strongest evidence so far indicates an association between maternal pregnancy estradiol concentrations and breast cancer risk that appears to depend on characteristics of the mother, pregnancy, and tumor [9, [15] [16] [17] .
In addition to timing and number of pregnancies, a history of preeclampsia has been consistently linked with an approximate 10-20% reduction in maternal breast cancer risk [18] [19] [20] . In preeclampsia, the balance of major angiogenic and antiangiogenic proteins is altered, with high levels of the antiangiogenic protein soluble fms-like tyrosine kinase-1 (sFLT-1), binding with and neutralizing the proangiogenic effects of free placental growth factor (PlGF) and vascular endothelial growth factor (VEGF), resulting in low levels of their bioactive forms [21] . It has been speculated [22, 23 ] that pregnancy's profoundly proangiogenic state represents an angiogenic challenge [24] in which women with a less exaggerated response (i.e., a relatively anti-angiogenic profile in pregnancy) would be predicted to react similarly in a state of tumorigenesis, resulting in diminished tumor growth and development.
In this study, we linked antenatal samples collected during pregnancy from mothers in two birth cohorts, the Avon Longitudinal Study of Parents and Children (ALSPAC) and the Norwegian Mother and Child Cohort Study (MoBa) with cancer register data to provide additional information on the association of estradiol concentrations, and of several other maternal reproductive hormones with subsequent development of breast cancer. In addition, in the ALSPAC data, we assessed the associations of angiogenic factors and breast cancer risk.
Materials and methods

Cohorts
ALSPAC is a prospective birth cohort study which initially recruited 14,541 pregnant women (resulting in 14,062 live births) with expected delivery dates between 1st April 1991 and 31st December 1992 and living in and around the city of Bristol in the south west of England. The study is described in detail elsewhere [25, 26] and a searchable data dictionary is available: (http://www.bris.ac.uk/alspa c/resea rcher s/ data-acces s/data-dicti onary /, accessed May 9, 2018). MoBa (the Norwegian Mother and Child Cohort Study) is a prospective, population-based birth cohort study conducted by the Norwegian Institute of Public Health. Participants were recruited from all over Norway from 1999 to 2008. The women consented to participation in 41% of the pregnancies, and the cohort includes 95,200 mothers [27] . The current study is based on version 9 of the quality-assured data files. Blood samples were collected at routine antenatal clinical examinations using a standard protocol occurring between gestational weeks 5 and 41 (median 16 weeks; IQR 10-31 weeks) in ALSPAC and 12 and 33 (median 18 weeks; IQR 17-19 weeks) in MoBa.
Case and control selection
The ALSPAC mothers were linked to the UK National Health Service's (NHS) central register to obtain NHS ID number. This linkage was used to identify maternal cancer event records held within the English Cancer Registry and Office for National Statistics Minimum Cancer Dataset [a legally mandated register of all cancer events (http://www. ncin.org.uk/home, accessed May 9, 2018)]. The MoBa cohort was linked using the unique national personal identifying number with the Cancer Registry of Norway (a national registry with compulsory notification) to identify maternal cancer events.
In both birth cohorts, case selection was restricted to mothers of singleton deliveries who had a linked first primary, invasive breast cancer event (coded as ICD v9 174. or ICD v10 C50.) after delivery while enrolled in the cohort, and before the end of follow-up (September 2012 for ALSPAC and December 2008 for MoBa). All cases with an available antenatal sample were considered eligible for this study (ALSPAC n = 136 cases had a serum sample, and n = 37 had only a plasma sample; MoBa n = 81 cases had a plasma sample). Controls were chosen randomly from 1 3 subsets of women who were: mothers of singleton pregnancies with no record of any cancer in the cancer register up to the time of case selection. In ALSPAC, one control was matched to their case on maternal birth year, trimester of sample draw and sample type (serum or plasma); two cases and four controls were excluded because of missing gestational age resulting in two less controls than cases in the analysis sample. In MoBa, up to three controls (n = 203) were matched to each case on maternal birth year; matching on sample type and trimester of blood draw were not necessary as MoBa collected plasma during a short interval: 92% between 16 and 19 weeks' gestation.
Data collection
The index pregnancy was defined as the most recent cohort pregnancy (not necessarily the woman's last pregnancy) before the date of cancer diagnosis for cases, and before the matched controls' reference date, (i.e., the date of diagnosis in their matched case). In ALSPAC, follow-up of pregnancies occurring after the 1990-1992 enrolment period is incomplete due to subsequent pregnancy questions only being asked periodically and subject to missing responses. In MoBa, information on subsequent pregnancies was only available if the pregnancy occurred while enrolled in the cohort study. Thus, in both cohorts, there is the possibility that we lacked information on pregnancies that occurred between the last study pregnancy and the date of cancer diagnosis.
In MoBa, gestational age was estimated based on ultra sound screening (second trimester). In ALSPAC gestational age was based on the mother's date of last menstrual period. When there was conflicting information regarding last menstrual period, the clinical records were reviewed, and dating was based on the earliest ultrasound scan. ALSPAC serum and heparin plasma samples were isolated from additive-free tubes and frozen at − 20 °C and then transferred to − 80 °C, with one previous freeze-thaw cycle for 62% of samples, two for 24% and three for 14%. In MoBa, EDTA tubes were used for plasma isolation, and then stored at -80C with no freeze/ thaw cycles for 70.3%, 1 for 24.3%, 2 for 5.1% and 3 for 0.3%, before aliquoting for the current study. The individual data for freeze/thaw cycles were available for ALSPAC. After taking account of gestational age at sample draw, there was no association between number of freeze-thaw cycles for any of the analytes except prolactin and adjusting for number of freeze-thaw cycles did not affect the estimates for prolactin and breast cancer risk (data not shown).
Information on possible confounders (ages at menarche and first pregnancy, pre-pregnancy body mass index (BMI) defined as height divided by squared weight, oral contraceptive use (ever vs. never), parity up to the point of the study pregnancy and offspring sex) was ascertained in ALSPAC by questionnaires sent to the women at approximately 18 and 32 weeks' gestation, and supplemented by data abstracted from obstetric and birth records. The same information was obtained in MoBa from questionnaires administered by mail (approximately 15, 22, and 30 weeks' gestation), and supplemented by linkage with the National Medical Birth Registry of Norway (MBRN; https ://www.fhi.no/en/hn/healt h-regis tries /medic al-birth -regis try-of-norwa y/medic al-birth -regis try-of-norwa y, accessed May 9, 2018). Complete information on confounders was available for 74% and 89% of the ALSPAC and MoBa participants, respectively, and in both studies, similar proportions of data were missing in cases and controls (76% of cases and 71% of controls in ALSPAC; 90% of cases and 89% of controls in MoBa).
Quality assessment samples
Two types of quality assessment samples were included with the study samples in the assay batches. Residual samples from the Prostate, Lung, Colorectal and Ovarian (PLCO) screening trial [28] provided matched pairs of plasma and serum samples from the same individual (n = 40) to test inter-sample type correlations. We embedded quality assessment samples in the current study batches to confirm that analyte values were similar when assayed from plasma or serum. Analyte values were reasonably similar when measured in plasma and serum from the same pregnant women (see Supplementary Table 1) , consistent with a previous assessment of the concordance of serum and plasma hormone values in the same women in which the correlations were close to 1.0 and only minor percent differences in means were observed [29] .
ALSPAC and MoBa samples were shipped (in a protective dry-ice environment) directly to NCI's biorepository (PPD, Philadelphia, USA), batched, blinded, and sent to the Clinical and Epidemiologic Research Laboratory at Boston Children's Hospital (Boston, USA) for assays. Quality assessment samples were from blood collected in pregnant women in a US birth cohort (Brigham and Women's Hospital (BWH), Boston, USA) within the last 5 years, and stored at − 70 °C. Plasma from a single individual was used to create 60 1 ml aliquots; these were designed to assess intraplate and inter-plate variation.
Assay preparation
Each assay batch was allocated an equal proportion of cases and controls, ALSPAC and MoBa samples, plasma and serum samples, and quality assessment samples. Because cases and controls were matched on maternal delivery year, this essentially matched for sample storage time. These were randomly assigned to a batch position.
Assay methods (full assay descriptions are in the supplemental material)
Androstenedione was measured by an ELISA assay (Alpco Diagnostics-Salem, NH); the blinded CV% was 3.5%. Testosterone, estradiol and prolactin were measured by an electrochemiluminescence immunoassay on the Roche E Modular system (Roche Diagnostics, Indianapolis, IN); the blinded CV% were 3.5%, 1.8% and 1.5%, respectively. Human chorionic gonadotropin (hCG) was measured by an electrochemiluminescence immunoassay on the Roche E Modular system (Roche Diagnostics, Indianapolis, IN); the blinded CV% was 3.8%. PlGF and sFlt-1 were measured by an ELISA assay (R & D Systems, Minneapolis, MN); the blinded CV% were 3.7% and 3.1%, respectively.
All analytes were measured in ALSPAC cases and controls. In MoBa [30] , there was sufficient volume available to measure only the angiogenic factors (PlGF, sFlt-1) and prolactin. sFlt-1 was only measured in plasma. The following numbers of cases and controls were included in the analy- 
Statistical methods
Data were analyzed for the most recent cohort pregnancy before the date of diagnosis in cases and the reference date in their matched controls. Analyte values were transformed to produce approximately normal distributions. Since the analytes generally did not vary linearly with gestational age, fractional polynomials [31] were used to select an appropriate model based on the study data to adjust for gestational age at blood sample draw (the selected models are summarized in Supplementary Table 2 ). Initially, both conditional and unconditional logistic regression, adjusting for the matching factors [delivery year, and where applicable, cohort and sample type (plasma/serum)], were used to estimate odds ratios (OR) and 95% confidence intervals (CI) for the association between each analyte and maternal breast cancer risk. Since these gave similar results, though with wider confidence intervals for the conditional analyses, unconditional logistic regression was used in all subsequent analyses and for the presented results (results for conditional logistic regression are available from the authors). ORs for breast cancer for tertiles of the analytes based on distributions in the controls were reviewed. However, in the main analysis, analytes were converted to z-scores within study and analyzed as continuous variables (i.e., in SD units). To check for deviations from linearity, the lowess command in Stata was used to examine smoothed plots of the probability of being a case against each analyte. Prolactin, PlGF and sFlt-1, which were measured in both cohorts, were analyzed separately in the two cohorts and the results were combined using a fixed-effect meta-analysis. Cochran's Q and the I 2 statistic were used to assess whether there was evidence for heterogeneity between the studies. In a sensitivity analysis, the results from meta-analysis were like those obtained by simply combining the data from the two studies, adjusting for study as a covariate.
In secondary analyses, we stratified by gestational age at sample draw (< 18 vs. 18+ weeks), parity (1 vs. 2+), age at first birth (< 25, 25+ years), time since pregnancy to diagnosis (≤ 10, > 10 years and ≤ 5, > 5 years), and age at breast cancer diagnosis (< 40 vs. 40+ years).
All analyses were carried out using Stata 14.0 and 15.0.
Ethics, consent, and permissions
The current analysis makes secondary use of pre-existing data from ALSPAC and MoBa participants who provided written informed consent. 
Availability of materials and data
The assay data have been returned to the relative cohorts for inclusion in their research repositories. The assay data are available on request from the cohorts, subject to the necessary approvals. In both ALSPAC and MoBa, the mean age at first birth for cases and controls was in the mid-20s, and age at index pregnancy was in the early 30s. Cases were more likely than controls to have ever used oral contraceptives and to have had a younger age at menarche (Table 2 ) but had a similar mean pre-pregnancy BMI. In ALSPAC, parity was similar in cases and controls but, in MoBa, cases were slightly more likely to be multiparous.
Results
OR and 95% CI adjusted only for matching factors and gestational age, and fully adjusted, are presented in Table 3 . There was no strong evidence that any of the analytes were associated with the risk of breast cancer. For prolactin and PlGF, there was little evidence of heterogeneity between the cohorts in the fully adjusted analysis (Q = 1.07, p = 0.3; I 2 = 6% for prolactin and Q = 0.61, p = 0.4; I 2 = 0% for PlGF). For sFlt-1, there was some evidence of heterogeneity (Q = 2.84, p = 0.09; I 2 = 65%); OR = 0.96, 95% CI 0.72-1.28 for MoBa and OR 2.44, 95% CI 0.85-6.99 for ALSPAC. However, the numbers with sFlt-1 measured in ALSPAC with complete covariate information were low (n = 50) and the confidence intervals consequently wide. For PlGF and prolactin, the results obtained when pooling the data from both cohorts were like those obtained from the metaanalysis (adjusted OR 1.01, 95% CI 0.76-1.34 for PlGF and OR 0.87 95% CI 0.67-1.12 for prolactin). The estimates did not change appreciably with further adjustment for age at menarche, parity, age at first birth, oral contraceptive use, pre-pregnant BMI and offspring sex; therefore, the remainder of the analyses included women regardless of whether they were missing values for these covariates and without adjustment for them.
The associations of the maternal analytes and breast cancer risk (Table 4) showed some variation by gestational timing of blood collection, parity, age at diagnosis and time from the index pregnancy to diagnosis but there was no statistical evidence for heterogeneity by these factors (p > 0.05 in all cases; data not shown), although we acknowledge that power to detect such differences was low. There was the suggestion of an inverse association between estradiol concentrations measured early in the pregnancy (< 18 weeks) and breast cancer, and an inverse association with cancer diagnosed at < 40 years. Given the small numbers within subgroups for these stratified analyses, caution is required in assuming that these reflect true differences.
Discussion
In this study, we found little evidence that concentrations of pregnancy hormones and angiogenic factors were associated with subsequent maternal breast cancer risk. The opportunities to directly measure pregnancy hormonal exposure and subsequent breast cancer risk in the mother are rare. The analysis also must consider the dual effect of pregnancy, whereby parous women have a reduction in breast cancer risk overall, but a transient increase directly following the pregnancy lasting up to a couple of decades. These observations suggest that pregnancy exposures may be adverse in the short-term but beneficial in the longerterm and appear to be consistent with the pattern of results in some previous studies for, most markedly, estrogen and hCG concentrations and breast cancer risk. For example, data from the Finnish Maternity Cohort showed an elevated breast cancer risk with higher first trimester estradiol concentrations among primiparous women diagnosed with breast cancer before age 40 (n = 536 [9] , n = 510 [15] ), but a reduction in risk at age 40 or older (n = 682 [15] ); results for estrone were weaker but showed a similar pattern [15] . These results, however, were only observed with estrogen receptor (ER)-and progesterone receptor (PR)-negative (−) breast tumors. More recently, Fortner et al. [16] showed a positive association of estradiol and breast cancer risk but only in the presence of low progesterone and for ER+/PR+ tumors. Cohn et al. [17] also found a positive association for the sum of estradiol and estrone, and an inverse association for estriol with breast cancer risk, associations which were stronger in primiparas, in breast cancer diagnosed within 15 years of the pregnancy and for women who were older at first gravidas. A study of older U.S. women [6] , in which most cases occurred 15 years or more after the pregnancy (n = 151), found an overall positive association of third trimester estrone concentrations with risk, but not estradiol. Our results suggested an inverse association between estradiol concentrations measured early in the pregnancy (< 18 weeks) and breast cancer, and an inverse association with cancer diagnosed at < 40 years, though we acknowledge problems of small numbers of cases in these stratified analyses. Our data did not indicate associations of the androgens testosterone and androstenedione with breast cancer risk. While two previous studies have observed positive associations between maternal pregnancy testosterone concentrations and breast cancer risk, the association has been limited to cases diagnosed at < 40 years of age [15] , and in another analysis in those women with ER+/PR+ tumors [16] . Also, the lack of data on hormone receptor status of tumors in our study may have led to misclassification in the outcome if associations with hormones are limited to receptor status negative or positive disease. In the Northern Sweden Maternity Cohort [12] , first trimester hCG concentrations were positively associated with breast cancer risk in women who were < 40 years at diagnosis (n = 11) or diagnosed within 10 years after the pregnancy (n = 4). In contrast, higher concentrations were inversely associated with risk among women who were 40+ years at diagnosis (n = 91) or diagnosed 10 or more years after the pregnancy (n = 99). Our results for hCG are consistent with a recent, larger study in the Finnish Maternity Cohort, however, which found no association between hCG concentration and breast cancer overall, or by hormone receptor subtype, age at first-term birth, age at diagnosis, or time between blood collection and diagnosis [32] .
Consistent with our findings, a previous study found little evidence of an associations of serum PlGF and sFlt-1 during pregnancy and breast cancer in the following 10 years n = 145 cases [10] , although the women were younger (on average in their early 30s at diagnosis vs. the majority over 50 years in our study), and no postmenopausal breast cancer cases were included. Our data for sFlt-1 and breast cancer risk differed by cohort both overall and within some of the stratified analyses, with elevated risks demonstrated for sFlt-1 measured later in the pregnancy (18+ weeks' gestation) in ALSPAC but not in MoBa, for cancer diagnosed < 10 years after the pregnancy, and among women with a later age at first birth (25+ years). These results are not consistent with our prior hypothesis that low sFlt-1 concentrations, as a proxy for reduced angiogenic response, would be inversely associated with breast cancer risk.
We are unaware of other studies on pregnancy prolactin levels and subsequent cancer risk in the mother, and results of studies of the association of prolactin levels in women who are not pregnant and breast cancer risk have been inconsistent. A recent meta-analysis showed a positive association of prolactin with postmenopausal cancer and hormone receptor positive tumors, but not with premenopausal or receptor negative disease [33] .
While characteristics of the first full-term pregnancy appear to be the most relevant for the protection afforded against breast cancer in the long-term, our aim in this study was to also provide data on the transient increase in breast cancer risk that occurs in the decade after pregnancy because this information is sparser in the literature. Therefore, we chose the most recent pregnancy prior to the cancer diagnosis to assess the hypothesis that growth factors in pregnancy cause or promote tumorigenesis. The relationship of the hormone concentrations with gestational age was consistent with other studies of these analytes over normal pregnancy [34] [35] [36] [37] . The length of follow-up allowed us to assess shortand long-term associations of maternal analytes and breast cancer risk, although it meant that the samples had been stored for several years. While the stability of reproductive hormones is robust [38] , there is less information on the effect of long-term storage on angiogenic factors. Previous research publications on angiogenic factors show ranges of values like those observed clinically, suggesting that the angiogenic factors are stable regarding minor sampling variations in handling. As specimen handling was similar for breast cancer cases and controls in each of the cohorts, any resulting measurement error should be random with respect to cancer risk within the cohort. In both cohorts, linkage was made to national cancer registries, but it is possible that some women migrated out of the country and were subsequently diagnosed with breast cancer elsewhere. If migration was random with respect to case status and unrelated to the pregnancy biomarker concentrations under study this would potentially bias the ORs towards the null. Also, the women in the study were relatively young and death from other causes is unlikely to be related to pregnancy hormone concentrations.
The use of a cross-cohort model increased the study size and improved statistical power; however, our sample size was still relatively small, particularly when exploring subsets of the data. More detailed comparison of maternal analytes and their association with cancer risk between trimesters would also be of interest, as many of the currently used pregnancy biomarkers vary with placental aging and stress [24] . In both cohorts, case/control status is informed by linkage to national registers with good quality standards and high levels of population coverage.
The biological mechanisms that underlie the associations of pregnancy with breast cancer risk are unknown, although there are several hypotheses, mainly untested in humans [1] , including molecular changes to breast tissue initiated by pregnancy. The findings from the previous studies cited earlier, if true, could suggest that hormonal profiles in pregnancy that are associated with protection in later life, e.g., higher estradiol, may also be associated with an increased risk in the period following the pregnancy, especially for hormone receptor negative tumors which are more common in that period. Additionally, exposure which occurs in the first pregnancy may be the most relevant, consistent with the observation that breast cancer risk is lower in parous compared with nulliparous women, and not as strongly associated with the number of subsequent pregnancies women experience. Nevertheless, the results of these studies, including ours, are inconsistent. Additional investigations are warranted with information on receptor status, and that are large enough to evaluate interactions of hormone profiles by other characteristics of the pregnancy. In our study, which included all breast cancer cases at the time of sample identification, power was limited. A larger consortium of birth cohorts or samples could overcome limitations on power and increase the diversity of pregnancy exposures.
